Context: Growing preclinical evidence suggests that hormonal programming by androgens in utero may contribute to cardiovascular disease risk in adult offspring. However, the effect of prenatal androgens on cardiometabolic outcomes in the human population, especially their potential differential impact on male vs female offspring, has not been well studied.
C ardiovascular disease (CVD) is a major cause of mortality worldwide, with a prevalence that is higher overall in men than women (1), a sex difference that is attenuated after menopause (2, 3) . A key factor underlying CVD is the metabolic syndrome (MetS), a constellation of five metabolic risk factors [hypertension, low high-density lipoprotein (HDL), hypertriglyceridemia, abdominal obesity, and impaired glucose metabolism], which is associated with a twofold increased risk of CVD (4) . There is a growing body of evidence that the endocrine, nutritional, and metabolic milieu during fetal life programs lifelong effects on cardiometabolic risk in adulthood (5, 6) . The Barker hypothesis (7) recognizes the importance of the environmental milieu in the developmental origins of adult disease. Although this hypothesis was originally based on nutritional deficits in utero, its concept has also been extended to intrauterine exposure to sex steroid hormones and metabolic disruption in adulthood.
Growing evidence suggests that prenatal exposure to androgens (either of maternal or fetal origin) could be a source of early programming, leading to the development of CVD and metabolic diseases later in adult life (8, 9) . Several female animal and nonhuman primate models, including rhesus monkeys, rodents, and sheep exposed to prenatal androgen excess, develop adverse reproductive and cardiometabolic traits (hypertension, adiposity, insulin resistance) in adulthood, resembling women with polycystic ovary syndrome (PCOS; i.e., a common disorder of androgen excess in reproductive age women) (9) (10) (11) (12) (13) . Likewise, prenatal androgen treatment is associated with more body fat, higher blood pressure, and the development of insulin resistance in male rats and rhesus monkeys (14, 15) , similar to prenatally exposed females. Some (11, 16, 17) but not all (18, 19) studies have shown that women with PCOS have higher serum testosterone (T) levels during pregnancy compared with controls. Furthermore, sons and daughters born to women with PCOS tend to exhibit worse metabolic parameters than those born to healthy mothers (20, 21) . These findings suggest the possibility that early exposure to high androgen levels during critical developmental periods of fetal life may contribute to increased risk for adverse cardiometabolic phenotypes in adulthood.
Concerns about increasing human exposure to endocrine-disrupting environmental factors that interact with the androgen receptor and/or modulate androgen receptor signaling have focused attention on the potential clinical and public health impact of developmental androgen exposure (22) . Despite evidence from animal studies and specific patient populations (i.e., PCOS), there is a paucity of human studies investigating the role of prenatal androgens in the developmental programming of adult cardiometabolic disease. The sex differences in the associations between circulating androgen levels and the risk for MetS and CVD are well recognized (23) . High androgen levels in postmenopausal women are associated with insulin resistance, MetS, visceral fat accumulation, and coronary heart disease (24). In contrast, epidemiological studies show that men with low total T levels have increased risk for insulin resistance, adiposity, and CVD (25) , suggesting that the association between T levels and cardiometabolic phenotypes differs by sex. However, there have been few investigations evaluating associations of developmental prenatal exposure to androgens, from endogenous or exogenous sources, with sex-dependent cardiometabolic abnormalities in adult human offspring. The paucity of longitudinal offspring datasets followed into adulthood has rendered it difficult to test hypotheses about the effects of prenatal androgen exposure on adult metabolic phenotypes.
Thus, the objective of this study was to examine prospectively the sex-dependent associations between prenatal androgens and the risk of MetS in the adult offspring of mothers participating in the New England Family Study (NEFS). The current study took advantage of two unique resources: (1) a unique community-based population of mothers, who during and after their pregnancy, were part of the Collaborative Perinatal Project (CPP), which followed individuals in utero (born from 1959 to 1966), and whose offspring have been evaluated in adulthood ;45 years later as part of the NEFS; and (2) use of a highly sensitive bioassay to measure total circulating androgen bioactivity in maternal serum. Bioactive androgen bioassays offer the advantage of measuring the relative activity of all androgens, including chemically unidentified environmental androgenic compounds (26) . We hypothesized that higher levels of prenatal bioactive androgens assessed in maternal serum during the third trimester would be associated with increased risk of the development of the MetS in adulthood. We further hypothesized that the association of higher prenatal bioactive androgens with incident adult offspring MetS would be more pronounced among women than men.
Methods

Study sample
Study participants were adult offspring born to pregnant women between 1959 and 1966 as part of the New England cohorts of the CPP. The CPP prospectively followed participating mothers during their pregnancies, collected and stored their sera, and followed their offspring from delivery up to age 7 years (27, 28) . There were 17,921 pregnancies enrolled at the Providence, Rhode Island, and Boston, Massachusetts, sites of the CPP, also known as the NEFS. Approximately 4000 NEFS offspring were located, consented, and were reassessed as adults (29) . The participants in the current study were selected from the NEFS substudy on Shared Fetal Antecedents to Major Depression and Risk for CVD (National Institute of Mental Health-National Heart, Lung, and Blood Institute Grant R01MH074679 to J.M.G.), which included 318 offspring from live, singleton births (28) . Participants in this substudy were term infants (38 to 43 weeks), originally selected as same-sex sibling sets discordant on fetal growth restriction (i.e., birth weight, adjusted for gestational age) and/or preeclampsia to create variability in levels of maternal steroid and immune responses during pregnancy and their association with adult outcomes. Selection and sampling for these NEF participants have been previously described (27, 28) . Out of these 318 participants, 274 adult offspring had bioactive androgen data already available from assayed maternal prenatal serum, as well as data on MetS criteria, constituting our analytic sample. At the time of data collection for the current study, adult offspring were ;39 to 50 years of age (mean = 45 years). All NEFS participants provided written, informed consent. There were no significant differences among maternal and pregnancy factors between the 318 and the 274 subset sample (data not shown).
Maternal bioactive androgens
From 1959 to 1966, maternal blood samples were collected approximately every 2 months during pregnancy and stored at the National Institutes of Health repositories at 220°C. Maternal serum samples for this study were obtained from the CPP central repository at the National Institutes of Health and assayed for androgen bioactivity at the beginning of the third trimester. Sera were drawn from the beginning of third trimester, given that it encompasses a critical, "sensitive" period of the sexual differentiation of the brain, i.e., organizational effects of gonadal steroids on brain development. In fact, the third trimester has also been found to be a critical period for maturation of other fetal physiological organ systems (30) .
Bioactive androgens were measured using an androgen receptor-mediated assay developed from human embryonic kidney 293 cells stably cotransfected with a human androgen receptor plasmid and a luciferase reporter gene under the control of the mouse mammary tumor virus promoter (2933Y) (26) . Luciferase activity was measured by a luminometer in cell lysates and expressed as relative light units. The amount of bioactive androgen in the sample was directly related to the relative light units detected. Dihydrotestosterone was the most potent steroid tested, followed by total T; 4-androstene-3, 17b-diol; 4-androstene-3, 17-dione; 5a-androstane-3, 17b-diol; and 5-androstene-3, 17b-diol. No significant androgenic activity was induced by dehydroepiandrosterone up to a concentration of 10 26 M. The assay was not responsive to estradiol or progesterone up to 10 29 M and to cortisol up to 10 28 M. No significant androgenic activity was detected for dehydroepiandrosterone sulfate at 10 24 M. The bioassay has demonstrated a linear response to T up to 1.0 nM. The analytical sensitivity of the bioactive androgen assay was 7.8 pM/L. The intra-and interassay coefficients of variation were 7.4% and 7.5% at a T level of 0.25 nM and 4.9% and 6.4% at a T level of 0.03 nM, respectively. This androgen bioassay has been previously validated in premenopausal women in whom androgen concentrations are near the lower limit of sensitivity in many clinical immunoassays (26, 31) . Although there are no established reference ranges for pregnant women, we have previously reported levels of circulating bioactive androgens with this bioassay in a small sample of pregnant women (range 0.40 to 2.12 nM) (26) . However, differences in maternal levels by trimester or fetal sex have not been previously studied.
Adult offspring outcomes
The adult offspring data were collected as part of a two-part (telephone and in-clinic) interview at the Brigham and Women's Hospital Center for Clinical Investigation in Boston, Massachusetts, and Brown University in Providence, Rhode Island. Standardized measurements (e.g., anthropometric measurement and blood pressure) were performed, and questionnaires were used to obtain health information (e.g., sociodemographic, medical, and family health histories). Fasting blood samples were also collected.
Anthropometry
Weight and height were measured and used to calculate body mass index (BMI). Waist circumference was measured in a horizontal plane at the level of the iliac crests.
Blood pressure
After resting for 5 minutes, blood pressure was measured five times, 1 minute apart. Multiple measurements were averaged for analysis.
Biomarker assays
Lipid profile
The determination of total cholesterol, triglycerides, and HDL-cholesterol (HDL-C) concentrations was performed on the Hitachi 911 analyzer using reagents and calibrators from Roche Diagnostics (Indianapolis, IN).
Glucose and HbA1c
Glucose was measured on the Hitachi 911 analyzer using Roche Diagnostics reagents. Hemoglobin (Hb)A1c was measured using the Roche P Modular system based on turbidimetric immunoinhibition using hemolyzed whole blood or packed red cells (Roche Diagnostics).
MetS
MetS was defined using modified Adult Treatment Panel III (ATP III) criteria, requiring the presence of more than or equal to three of the following criteria: waist circumference .40 inches in men or .35 inches in women; HDL-C ,40 mg/dL in men and ,50 mg/ dL in women or drug treatment of low HDL; triglycerides $150 mg/ dL or drug treatment of elevated triglycerides; high blood pressure: systolic blood pressure $130 mmHg or diastolic blood pressure $85 mmHg or on antihypertensive treatment; and fasting glucose $100 mg/dL or on diabetes treatment (32) .
Statistical analyses
Demographic characteristics and clinical measures of the analytic sample were assessed and compared by sex using x 2 and t test statistics for categorical and continuous data, respectively. Bioactive androgen levels were categorized into quartiles with the lowest quartile (Q1) defined as the reference level. The associations between the higher quartiles compared with Q1 of maternal prenatal bioactive androgen levels and MetS and each of the five MetS components were estimated as odds ratios and 95% confidence intervals using generalized estimating equations modeling to adjust for intrafamilial correlation. Analytic models were further adjusted for relevant demographic and clinical factors associated with both the outcome (Wald P , 0.2 in final model) and the exposure of interest (accounting for $10% change in the exposure estimate when added to the model). Models were run for the overall sample, as well as stratified by sex. Effect modification was examined using interaction terms for maternal bioactive androgens and offspring sex. Final models were adjusted for maternal age, maternal race, prepregnancy weight, and trimester at registration. Tests of our hypotheses were two-sided with an a = 0.05. All analyses were performed using SAS, version 9.4 (SAS Inc., Cary, NC).
Results
Baseline characteristics
The demographic and clinical characteristics of the study population are displayed in Table 1 . Mothers of female vs male offspring did not differ significantly in maternal age, race, trimester at registration, socioeconomic status, smoking status, education, or prepregnancy weight. The mothers of male offspring had over twice the mean level of third-trimester bioactive androgen levels than those of female offspring, although the difference did not quite reach statistical significance (males: 4.2 6 14.0 nM, females: 2.0 6 1.1 nM, P = 0.09).
The mean age of the adult offspring in this study sample was 44.7 6 2.6 years, with an average BMI of 29.7 6 6.7 kg/m 2 . Overall, the participants were predominantly white (92.7%) and female (57.7%), and the prevalence of MetS was 24.3%. Compared with the female offspring, the male offspring had a significantly worse cardiometabolic profile across a wide range of parameters (P , 0.05 across most sex comparisons). The prevalence of MetS in the study population also differed significantly by sex, with 35.3% of the male offspring and Values are expressed as means 6 SD and/or percentages (%).
Abbreviation: LDL-C, low-density lipoprotein-cholesterol; HbA1c, hemoglobin A1c. a Differences by adult offspring sex compared using x 2 test (categorical variables) or t test (continuous variables). Parental socioeconomic index constructed as a composite index using education, occupation, and income (range: 0 to 9.3).
16.0% of the female offspring having the condition, respectively (P , 0.01). The adult male offspring also had a significantly higher prevalence of the individual MetS components of hypertension, hypertriglyceridemia, and hyperglycemia compared with the female offspring (P , 0.01).
As a result of overselection by study design of fetal growth restriction and/or preeclampsia pregnancies in this cohort, 69% of the offspring were from fetal growthrestricted and/or preeclampsia-complicated pregnancies. The rates of fetal growth restriction/preeclampsia did not differ by offspring sex.
Maternal prenatal bioactive androgen levels and MetS
The adjusted odds ratios (aORs) for the association between maternal bioactive androgens and MetS in the adult offspring are displayed in Table 2 . In the total study sample, we found that participants with the highest quartile (Q4) of maternal bioactive androgens had significantly greater odds of developing the MetS compared with those in Q1 [aOR: 2.53 (1.07 to 6.02)]. No significant associations were found at the lower quartiles (Q2 or Q3) of maternal bioactive androgens compared with the reference (Q1).
When stratified by sex, the association between Q4 of bioactive androgens and Q1 was found to be significant among women [Q4 vs Q1, aOR: 4.06 (1.10 to 14.93)] but not among men [Q4 vs Q1, aOR: 1.67 (0.53 to 5.26)]. Specifically, the female offspring, whose mothers were in Q4 of maternal bioactive androgen levels, had nearly 4 times the odds of having MetS compared with those in Q1. Although the results were statistically significant only in Q4, the female offspring in all quartiles had greater odds of MetS compared with the male offspring. Additional tests for interaction by sex were nonsignificant given the lack of power.
Maternal prenatal bioactive androgen levels and MetS components
The aORs for the association between maternal bioactive androgens and the individual components of the MetS are displayed in Table 3 . In the overall sample, there were no significant associations between Q4 and Q1 of maternal bioactive androgens among the five MetS components. Central adiposity was associated with maternal bioactive androgen levels. However, this finding was limited to the third (Q3)-highest quartile compared with Q1 [Q3 vs Q1, aOR: 2.31 (1.01 to 5.23)].
When stratified by sex, there was a significant association between the MetS component of hypertension and maternal bioactive androgen levels among the female offspring only. Specifically, the female offspring of mothers in Q4 of maternal bioactive androgen levels had 4.84 times the odds of having hypertension compared with the female offspring of mothers in Q1 [Q4 vs Q1, aOR: 4.84 (1.12 to 20.85)]. Although only significant at Q4, the female offspring in all quartiles had numerically greater odds of MetS compared with male offspring. For the low HDL criteria of MetS, we found that women had higher odds only at the second-highest quartile (Q2) compared with Q1 [Q2 vs Q1, aOR: 2. Tests for interaction by sex were nonsignificant given inadequate power.
Additional analyses controlling for exposure to fetal growth restriction or preeclampsia in the final models did not significantly alter the results reported above.
Discussion
In this prospective birth cohort study of male and female offspring followed for up to 50 years after birth, we found that higher prenatal levels of bioactive androgens in the mothers were associated with an increased risk of MetS in the adult offspring. Further sex-stratified analyses showed that this association was present in the female offspring but not in the male offspring. Among the female offspring, higher prenatal levels of maternal bioactive androgens were also positively associated with increased risk for the hypertension component of MetS, suggesting a potential sex-dependent link between prenatal androgen exposure and adult CVD risk. To our knowledge, this is the first population-based prospective cohort study to demonstrate sex differences in the association of circulating maternal androgen levels with the development of MetS in later adult life of the offspring. These findings support the hypothesis that the programming of adult CVD risk by androgens may have fetal origins, particularly among the female offspring. Maternal sex hormones play an important role in supporting and regulating fetal growth and development. Specifically, T levels increase throughout normal pregnancy and reach their peak at birth (33) . Our findings raise the possibility that relative androgen excess in the mother could have potential detrimental effects on pregnancy outcomes. Although T levels of fetuses and mothers are believed to be independent of each other, higher levels of maternal T levels have been associated with higher rates of offspring morbidity and mortality (34, 35) . Several prenatal insults associated with gestational hyperandrogenic states, such as obesity (36) , nicotine exposure (37), preeclampsia (38) , and exposure to environmental-disrupting chemicals (39) , have been linked to metabolic disturbances in the adult offspring (9). These observations are supported by evidence in animal models demonstrating that prenatal androgen excess can lead to several cardiometabolic impairments in the adult offspring (9, 10, 13, 40) . Pregnant women with PCOS have higher T levels during pregnancy, and their adult offspring develop worse metabolic parameters (20, 21) compared with those born to healthy mothers. Consistent with studies in these preclinical models and in women with PCOS, we found that higher circulating maternal androgens in the third trimester were positively associated with MetS risk in the adult offspring in a general human population cohort. Our findings provide longitudinal evidence in a human model that alterations in the gestational androgen milieu during critical developmental periods can have life-long programming effects on the metabolic health of the offspring.
Several studies have reported sex differences in the relation between circulating androgen levels and MetS, with higher androgen levels associated with increased risk in women and lower levels associated with increased risk in men (23) . In sex-stratified analyses, we showed that higher prenatal levels of maternal bioactive androgens were positively associated with incident MetS among the female offspring in our cohort, whereas no substantial relationship was observed in the male offspring. Out of the five MetS criteria, we also found that higher circulating maternal androgens specifically associated with increased risk for hypertension among women but not men. This dose-response relationship was Furthermore, the higher MetS risk in females was specific for hypertension, which is typically more prevalent in males at early ages (43) . Our results suggest that whereas circulating maternal androgen levels may be an important predictor of adult MetS, the programming effects of the gestational androgen milieu on offspring health may depend on whether the mother is carrying a male or female fetus. Thus, our findings are important, given that evidence in human models examining sex differences in the relationship between prenatal androgens and adverse cardiometabolic programming is sparse. The potential mechanisms of prenatal androgen programming of metabolic dysfunction and CVD in humans are not well understood. Based on evidence from studies conducted in animal and nonhuman primates, some potential androgen-mediated mechanisms of cardiometabolic reprogramming include reduction in insulin-like growth factor bioavailability, resulting in intrauterine growth restriction and postnatal catch-up growth [known prenatal risk factors for CVD (44) ], epigenetic modulation of blood pressure regulators, such as nitric oxide and the renin-angiotensin system [leading to hypertension and endothelial dysfunction (41, 45) ], downregulation of insulin signaling pathways in peripheral tissues (46) , and downregulation of amino acid nutrient delivery to the fetus (47). Thus, it is possible that androgen exposure during the prenatal period may induce life-long epigenetic effects related to alterations in DNA methylation, histone modifications, or microRNA expression that may alter the lifetime risk of CVD in the offspring. Future research is needed to establish the mechanisms and epigenetic markers/pathways involved in the regulation of metabolic and cardiovascular reprogramming by androgens.
Our study has notable strengths and some limitations. We had the ability to take a lifecourse approach to prospectively examine the impact of prenatal androgen levels in utero on adult offspring MetS risk after 50 years of follow-up in a general human population. Fetal programming of CVD risk has not been well studied in humans as a result of lack of longitudinal data that can address these developmental pathways across the lifespan. We used a highly sensitive reporter gene bioassay for the measurement of maternal bioactive androgens. Although bioactive androgen assays do not provide the breakdown of different androgen subtypes, they measure the activity of all known and chemically unidentified environmental androgenic compounds. We recognize that reporter gene bioassays do not distinguish genomic from nongenomic action of androgens or downstream effects of androgen receptor activation. Although this would contribute to the understanding of the sources of bioactive androgen production, it does not diminish from our overall findings that higher levels of bioactive androgens can affect long-term offspring metabolic outcomes. Further information on the diagnosis of PCOS in the CPP women, although not available in the CPP, would also contribute to the understanding of potential sources of the higher level of maternal androgen exposure.
The long-term stability of sex hormones in maternal prenatal serum from the CPP after over 40 years of storage has been validated (48) . As a result of unavailability of cord serum and amniotic fluid, we used maternal serum as an indirect biomarker of fetal androgen exposure. Studies have reported associations between hormone concentrations in the maternal and fetal circulations (49) , as well as evidence that neonates tend to have more health-related problems when their mothers have elevated T levels (35) . Given our analyses were limited to third-trimester maternal androgen levels, our study did not address the timing of androgen exposure as a factor in the development of offspring MetS. However, we demonstrated, as hypothesized, that this particular timing of exposure, i.e., a critical period of the organizational effects of gonadal steroids on development, had long-term sex-dependent effects in the offspring. Future human studies are needed to determine the effects of timing of prenatal androgen exposure throughout all trimesters of pregnancy on MetS in the adult offspring.
We recognize that there are several different definitions of MetS, each with its own assets and liabilities. We selected the ATP III definition of MetS, which has been widely used in the United States. In addition, we examined sex differences in the fetal androgen programming of CVD risk, a topic that has not been sufficiently addressed in previous studies. Although our important findings were primarily limited to women, the sample size of men in our cohort was relatively smaller compared with women, potentially restricting the power to detect small but significant effects in men. We acknowledge that the age range (39 to 50 years) in the adult offspring may not be representative of older populations who are at higher CVD risk. Despite our younger adult population, we still found an important relationship between circulating maternal androgens and risk for MetS, particularly among women. The female effect was striking given that the component of MetS primarily affected was hypertension, a domain usually reserved for men in early midlife more than women. These findings suggest that younger premenopausal women born to mothers with higher circulating prenatal androgens may be at risk for CVD and target a key period for early screening and therapeutic intervention.
In summary, higher prenatal levels of maternal androgens were associated with increased risk for development of the MetS in adulthood, an effect that was observed in female offspring and not in males, and specifically, impacting hypertension. Thus, maternal androgen levels could potentially serve as an early biomarker for predicting long-term cardiometabolic health in the offspring. Future research is needed to elucidate the mechanisms that mediate the sex-dependent developmental programming of CVD risk by androgens. These mechanistic insights may help identify therapeutic targets for intervention and prevention strategies.
